Abstract Paleoecological studies indicate that peatland ecosystems may exhibit bistability. This would mean that these systems are resilient to gradual changes in climate, until environmental thresholds are passed. Then, ecosystem stability is lost and rapid shifts in surface and vegetation structure at landscape scale occur. Another remarkable feature is the commonly observed self-organized spatial vegetation patterning, such as string-flark and maze patterns. Bistability and spatial selforganization may be mechanistically linked, the crucial mechanism being scale-dependent (locally positive and longer-range negative) feedback between vegetation and the peatland environment. Focusing on bogs, a previous model study shows that nutrient accumulation by vascular plants can induce such scale-dependent feedback driving pattern formation. However, stability of bog microforms such as hummocks and hollows has been attributed to different local interactions between Sphagnum, vascular plants, and the bog environment. Here we analyze both local and longer-range interactions in bogs to investigate the possible contribution of these different interactions to vegetation patterning and stability. This is done by a literature review, and subsequently these findings are incorporated in the original model. When Sphagnum and encompassing local interactions are included in this model, the boundaries between vegetation types become sharper and also the parameter region of bistability drastically increases. These results imply that vegetation patterning and stability of bogs could be synergistically governed by local and longerrange interactions. Studying the relative effect of these interactions is therefore suggested to be an important component of future predictions on the response of peatland ecosystems to climatic changes.
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Introduction
Northern peatlands occupy less than 2% of the land surface yet contain about 30% of the total terrestrial carbon pool (Gorham 1991) , and are located in the altitudes expected to undergo the greatest increase in temperature and precipitation in the next decades (Houghton et al. 1995) . Higher temperatures and longer thaw seasons may alter internal peatland dynamics in a way that increases emission of carbon dioxide and methane from these systems (Bridgham et al. 1995) . Therefore concern has risen that peatlands may switch from sinks to sources of atmospheric carbon under such changing climate (Yu et al. 2001 ). An important factor controlling the rate of carbon sequestration is the peatland surface structure (Belyea and Malmer 2004) . This structure comprises distinct microforms (order of magnitude: m), ranging from wet depressions (hollows or pools) to dry hummocks (e.g., Belyea and Clymo 2001) . Focusing on peatland bogs, the hollows are usually dominated by species of the genus Sphagnum growing with sedges, while vascular plants mostly grow on the hummocks, coexisting with different species of Sphagnum (Wallén et al. 1988; Van Breemen 1995) . Both these functional groups are actively modifying the bog habitat and thereby bog hydrology and peat accumulation.
The aim of this synthesis article is to gain insight in the possible effect of habitat modification by Sphagnum and vascular plants on peatland dynamics and also spatial self-organization, especially focusing on peatland bogs. First we discuss how paleoecological studies indicate that peatland dynamics may be governed by catastrophic shifts, and that selforganized vegetation patchiness might indicate proximity to such shifts. Then we review literature synthesizing bog habitat modification by Sphagnum and vascular plants. Subsequently, habitat modification is linked to spatial self-organization of bogs. As an illustration, we include habitat modification by Sphagnum and vascular plants in a simple and generic way in the analytical bog model of Rietkerk et al. (2004a) , to illustrate its effect on bog dynamics and spatial self-organization. The results will be discussed from the perspective of the role of habitat modification in the response of bogs to climate change.
Catastrophic shifts in peatlands
A paleoecological study revealed that the current microtopography of hummocks and hollows of a Scottish mire has persisted for 5,000 years (Moore 1977) . In an Irish mire, Walker and Walker (1961) found stratigraphic evidence that microforms had remained at the same position over time. Similar conclusions are drawn from other study sites (e.g., Sjörs 1961; Casparie 1972; Boatman and Tomlinson 1973; Frenzel 1983) , and there is a general agreement that these different microforms are remarkably resilient to changes in environmental conditions (Belyea and Clymo 2001; Nungesser 2003) , such as climate change.
However, this resilience is lost when changes in climate pass environmental thresholds, at which the peatland surface structure may abruptly shift to another stable state, with a different microstructure dominating the landscape (Belyea and Malmer 2004) . If hollows dominate the landscape, it can be characterized as open treeless mire, while domination of hummocks with trees can be regarded as mire woodland (e.g., Alexandrov and Logofet 1994; Ohlson et al. 2001) . Rapid transitions from open treeless mires to mire woodlands have been reported in paleoecological studies (see references in : Frankl and Schmeidl 2000; Ohlson et al. 2001) . However, the reverse transition from mire woodland to treeless mire can also occur (Clymo and Hayward 1982; Svensson 1995; Van Breemen 1995; Ohlson et al. 2001) . These transitions in microforms and vegetation also result in rapid changes in decomposition rates and carbon sequestration, stressing the urgent need for a better understanding of environmental thresholds in peatlands, and the way its surface structure and vegetation respond to climatic changes (Belyea and Malmer 2004) .
A growing body of research suggests that these kinds of nonlinear responses of ecosystems to gradual changes in environmental conditions are associated with the occurrence of alternate stable ecosystem states (Scheffer et al. 2001) . This concept was introduced by Lewontin (1969) , and is still an issue of considerable interest and debate (Bertness et al. 2002) . Alternate stable states mean that given the same set of environmental conditions, an ecosystem has more than one possible stable structure. Each stable structure has its own basin of attraction, meaning a certain range of ecosystem states that will always develop toward this stable structure (Lewontin 1969) . Consequently, if such stable structure is reached, the ecosystem is resilient to perturbations within that basin of attraction.
However, changes in environmental conditions can alter the sizes of basins of attraction. Such changes may decrease a basin of attraction until it vanishes. When this point is reached, the ecosystem will be drawn toward another stable structure. This threshold where the basin of attraction of the current ecosystem equilibrium disappears is known as a catastrophic bifurcation point (Kuznetsov 1995; Scheffer and Carpenter 2003) . Ecologists have long recognized that gradual changes in environmental conditions can cause abrupt changes in ecosystems (Carpenter 2001) . The passing of a catastrophic bifurcation point can explain such ''Big effects from small causes'' (Ricker 1963) . These ''Big effects'' are referred to as catastrophic shifts in ecosystem states (Scheffer et al. 2001) .
The term catastrophic shift comes from catastrophe theory. Catastrophe theory originated as a branch of mathematics studying bifurcations between different equilibria due to gradual changes (Thom 1975; Zeeman 1976 ). The theory is also useful for studying ecosystems with alternate stable equilibria (Loehle 1989) . It is important to note that a catastrophic shift of an ecosystem into a different equilibrium does not necessarily imply a disaster or dramatic event, but it refers to the nature of the change. The term can therefore be a bit confusing, because sometimes the occurrence of a catastrophic shift is desired, and therefore stimulated (e.g., Meijer and Hosper 1997) .
The existence of alternate stable ecosystem states and catastrophic shifts implies that the state of an ecosystem cannot only be explained by the current environmental conditions, because the current ecosystem state also depends on its history. This phenomenon is known as hysteresis. Reversing a catastrophic shift is not achieved by simply restoring the environmental conditions that prevailed just before the shift took place because of such hysteretic dynamics. Restoring an ecosystem that has catastrophically degraded may therefore be very difficult or expensive (Carpenter 2001) , if it is possible at all. Therefore, it is desirable to know whether ecosystems are close to a catastrophic shift. Unfortunately, catastrophic shifts are typically unpredictable, and ''early warning signals'' of approaching catastrophic change are difficult to obtain (Scheffer et al. 2001) .
Vegetation patterning in peatlands
Recently, it has been suggested that the formation of self-organized vegetation patterns in peatlands indicate proximity to catastrophic shifts (Rietkerk et al. 2004b ). Interesting observations in this respect are the rapid transition from a homogeneous hummock state into the current patterned state of a Swedish bog (Belyea and Malmer 2004) , and the loss of surface patterning within 50 years in another Swedish mire (Gunnarsson et al. 2000) . Self-organized patchiness in peatlands consists of a spatially regular two-phase mosaic of typical hummock and hollow vegetation (Rietkerk et al. 2004a ). Patterned peatlands have been observed in North America (e.g., Heinselman 1963), Europe (e.g., Sjörs 1961), Asia (e.g., Sakaguchi 1980) and also on the Southern Hemisphere (Mark et al. 1995) , including tropical mires (Backéus 1989) . Two types of patterns (10 2 -10 3 m) can be observed (Sjörs 1983; Wallén et al. 1988; Rietkerk et al. 2004a ; Fig. 1 ): string and flark patterns on slopes and maze patterns on relatively flat mire parts.
String and flark patterns consist of linearly merged hummocks (strings) alternating with linearly merged hollows (flarks), oriented along the topographic contours of peatland slopes. The origin of string and flark patterns has received considerable attention during the last century (Charman 2002) , which has resulted in many hypotheses involving physical and biotic processes to explain the development of this peatland patterning (Seppäla and Koutaniemi 1985; Glaser 1992; Belyea and Lancaster 2002) . We restrict our discussion to biotic processes since these are currently thought to be governing peatland patterning (Seppäla and Koutaniemi 1985; Charman 2002) .
A detailed hypothesis on initiation of flarks was derived from stratigraphical analyses in North America (Foster et al. 1983; Foster and King 1984; Glaser 1992) . It consists of three elements: (1) Initial accumulation of peat, converting channeled water flow into sheet flow; (2) Amplification of the surface microtopography because of slower peat accumulation in hollows as compared to hummocks, and higher resistance of hollows to infiltration. Adjacent hollows merge into linear flarks; (3) Subsequent enlargement of flarks. Water chemistry (Glaser 1992) and vegetation changes (Glaser et al. 1981; Glaser 1987 Glaser , 1992 in North American patterned fens could be explained with this hypothesis. Spatial analysis of a bog pool complex in Scotland confirmed most elements of this hypothesis (Belyea and Lancaster 2002) .
Related to this hypothesis is the idea that differences in hydraulic conductivity may induce pattern formation. The hydraulic conductivity of hummocks is lower than that of hollows (Ivanov 1981) ; therefore water flow tends to pond up behind hummocks, causing hollow formation upslope (Couwenberg 2005 , and references therein).
Other studies focus on the initiation of strings, emphasizing the importance of spring floods in string formation (Sakaguchi 1980; Seppäla and Koutaniemi 1985) . During these floods slush and plant remains are transported toward elevations on the mire surface, thereby amplifying the surface microtopography.
These hypotheses have in common that they suggest that topographic differences on the peatland slope are amplified by local feedbacks between hydrology, peat accumulation, and vegetation. As a result, hummocks and hollows develop in the landscape. Given the anisotropy (that is unidirectional water flow) on peatland slopes, linear features will develop over time.
Maze patterns on relatively flat mire parts consist of merged hummocks that are star or net-like. These patterns have been reported less frequently in literature, but they cover extensive areas in the Vasyugan area in Siberia for example (Semenova and Lapshina 2001; Rietkerk et al. 2004a ; Fig. 1 ). The formation of spatially regular maze patterns on flat mire parts cannot be fully explained by the local feedbacks described above, because unidirectional water flow is lacking (Rietkerk et al. 2004a) . A putative mechanism inducing maze patterning is accumulation of nutrients under and near vascular plants through the advective transport of nutrients driven by transpiration of vascular plants (Rietkerk et al. 2004a; Wetzel et al. 2005 ).
The crucial mechanisms linking self-organized patchiness to catastrophic shifts are scale-dependent (that is locally positive and longer-range negative) feedbacks between the environment and plant species that actively modify this environment (Rietkerk et al. 2004b ). This scale dependency arises when plants withdraw resources from their surroundings, leading to local resource accumulation, and longer-range resource depletion. Hence there is a local positive effect, and a longer-range negative effect. Nutrient accumulation by vascular plants is an example of such a scale-dependent feedback.
However, several models (Logofet and Alexandrov 1988; Alexandrov and Logofet 1994; Hilbert et al. 2000; Belyea and Clymo 2001) , field experiments (Belyea and Clymo 2001) and studies on string-flark patterning (Foster et al. 1983; Glaser 1992) suggest that the observed stability of peatland microforms results from more local feedbacks between hydrology and peat accumulation, resulting in alternate stable microstates of hummocks and hollows. In the following we speak of local processes when there is a short-range self-enforcing effect that does not induce effects on a longer range.
Focusing our current study on bogs, both the hollow-species of Sphagnum, from here referred to as Sphagnum, (Clymo and Hayward 1982; Svensson 1995; Van Breemen 1995) and vascular plants (most research focusing on Pinus sylvestris; Frankl and Schmeidl 2000; Ohlson et al. 2001 ) actively modify their habitat and thereby bog hydrology and peat accumulation. Therefore, we will now summarize findings in literature providing a more detailed overview of the habitat modification by these two functional groups.
Bog habitat modification by Sphagnum and vascular plants
The pivotal environmental variables determining growth of Sphagnum and vascular plants in bogs are temperature, light availability, nutrient availability, pH, and the level of the water table (Malmer 1962; Clymo 1970; Ivanov 1981; Clymo and Hayward 1982; Ingram 1983; Hayward and Clymo 1983; Backéus 1985; Rydin and McDonald 1985; Wallén et al. 1988; Økland 1990; Alexandrov and Logofet 1994; Belyea 1996; Gunnarsson and Rydin 1998; Frankl and Schmeidl 2000; Limpens et al. 2003; Nungesser 2003) . The physiological characteristics of both Sphagnum and vascular plants drive ecosystem processes that change the pivotal environmental variables of bog ecosystems in a way that favors their own functional group, but disfavors the other functional group (Fig. 2) .
It is important to note that neither functional group forms pure stands in bog ecosystems; the hollows are usually dominated by Sphagnum growing with sedges, while different species of Sphagnum occur on the higher vascular plant dominated hummocks. However, we assume that the effect of each functional group on the environment is determined by the effect of its dominant species. This simplifying assumption is made to enable the subsequent coupling of our findings to an analytical mathematical model. The effect of Sphagnum and vascular plants on the bog environment will now be discussed in more detail for each of the five pivotal environmental variables.
Light availability
Using different strategies (Clymo and Hayward 1982; Svensson 1995; Fig. 2) , both Sphagnum and vascular plants shape light availability in a way that suppresses the other functional group. Extensive Sphagnum growth hampers establishment of vascular plants (Ohlson et al. 2001) , because it forms a thick carpet that overgrows small vascular plants (Malmer et al. 2003) . On the other hand, when vascular plants have successfully established and reach above the Sphagnum carpet, it decreases Sphagnum development through shading and burial by aboveground litter (Hayward and Clymo 1983; Wallén et al. 1988; Malmer et al. 1994; Lamers et al. 2000; Berendse et al. 2001; Malmer et al. 2003) . It can be concluded that Sphagnum and vascular plants modify the environment in opposite directions. As a result, interspecific competition for light exceeds intraspecific competition. Also, dominance of the functional groups may alter during the growing season.
Acidity (pH)
Sphagnum is considered an important source of acidity in bog waters (Siegel et al. 2006) . It has long been suggested that the acidifying capability of Sphagnum stems from its high cation-exchange capacity, because of the considerable amounts of polyuronic acids in the tissue (e.g., Clymo 1964; Clymo and Hayward 1982; Van Breemen 1995) . However, more rigorous geochemical studies strongly suggest that organic acids are the primary acidifying agent in bogs (Gorham et al. 1986; Reeve et al. 1996; Glaser et al. 2004; Siegel et al. 2006) . Organic acids are believed to result from humification of Sphagnum (Hemond 1980 ), leading to a local decrease in mire water pH (Bragazza et al. 1998) . It can thus be concluded that Sphagnum actively acidifies its environment, which is unfavorable for vascular plant growth (Van Breemen 1995) . Thereby Sphagnum negatively affects vascular plants.
Water table
Compared to vascular plants, Sphagnum is less productive (Verry and Urban 1992) . Therefore, relatively small yearly precipitation excess is needed for Sphagnum dominated bogs to maintain or Plant Ecol (2009) 200:53-68 57 decrease the distance between the bog surface and the water table. Moreover, Sphagnum litter decays slowly and is easily collapsible (Coulson and Butterfield 1978; Johnson and Damman 1993; Van Breemen 1995; Hobbie 1996) , meaning that it stimulates the formation of peat with small porosity. This means that little water is needed for this low permeable peat to become waterlogged, so this characteristic of Sphagnum also promotes a higher water table (Van Breemen 1995) . On the other hand, vascular plants stimulate a lowering of the water table by increasing the rate of evapotranspiration (Ingram 1983; Marschner 1995; Frankl and Schmeidl 2000; Rietkerk et al. 2004a) , and the canopy of trees diminishes the amount of precipitation that reaches the surface (Rutter 1963 Fitter and Hay (1983 ) 27: Williams (1970 ) 28: Hemond (1980 intercepting and effectively recycling all nutrient inputs from atmospheric deposition (Clymo 1970; Rydin and Clymo 1989; Malmer et al. 1994; Svensson 1995; Heijmans et al. 2002; Malmer et al. 2003) , while vascular plants mainly depend on nutrients that are released via mineralization of the peat (Malmer et al. 1994; Malmer et al. 2003) . Apart from the effective interception, Sphagnum peat sequesters mineral nutrients from the acrotelm, and the low quality litter input of Sphagnum reduces mineralization rates in this layer (Malmer et al. 1994; Van Breemen 1995; Malmer et al. 2003) On the other hand, the previously discussed lowering effect on water table height by vascular plants, together with their deposit of high quality litter, promotes an increase in mineralization rate (Hobbie 1996; Belyea and Clymo 2001) . Furthermore, vascular plants may attract and accumulate nutrients from the surrounding environment through advective transport by groundwater, which is driven by the active transpiration of vascular plants (Marschner 1995; Rietkerk et al. 2004a; Wetzel et al. 2005) . Moreover, when trees die and fall down on the bog surface, the logs provide a nutrient-rich environment suitable for successful colonization by vascular plants (Agnew et al. 1993) . It can thus be concluded that nutrients in the substrate only affect vascular plant growth. Sphagnum decreases this nutrient availability, while vascular plants increase nutrient release rates in the substrate. Both functional groups thus modify the environment in opposite directions. If vascular plants increase in density, they modify the environment toward better growing conditions for themselves, and they can better counteract nutrient depleting effects of modification by Sphagnum. If Sphagnum increases in density it makes growing conditions for vascular plants worse.
Temperature
The living top layer (<5 cm) of the Sphagnum carpet tends to be relatively warm, thereby lengthening its growing season (Clymo and Hayward 1982; Van Breemen 1995) . On the other hand, Sphagnum peat conducts heat poorly. Vascular plants mainly extend their root system in the upper peat layer (Backéus 1986; Laiho and Finer 1996; Gunnarsson and Rydin 1998) . Since vascular plant growth depends on the functioning of belowground roots, a substrate that is dominated by Sphagnum peat leaves a relatively short growing season for vascular plants (Williams 1970; Van Breemen 1995) . So, the characteristics of the living Sphagnum layer lengthen the growing season for Sphagnum itself, while the peat that is formed by its remains shortens the growing season of vascular plants. So concerning temperature, Sphagnum modifies the environment in a way that positively affects itself, and negatively influences vascular plants.
Linking habitat modification to vegetation patchiness
In general, competition for resources drives intraspecific competition within functional groups, and therefore negative feedback. However, in bogs, the different pathways to habitat modification (Fig. 2) show that both Sphagnum and vascular plants also modify their habitat toward better growing conditions for themselves, or suppress the other functional group. These positive effects give the possibility of bistability, because with a small change in biota or environment the system may switch between alternate stable states (Odum 1971; Wilson and Agnew 1992) . Following Wilson and Agnew (1992) , different types of these vegetation switches can be distinguished. A one sided switch (also called type I switch) means that a functional group changes an environmental factor to its own advantage in patches where it is present. Two type I switches may be involved in bogs, namely the modification of temperature and pH by Sphagnum (Fig. 3) . A reaction switch (type II) refers to a process of a functional group changing an environmental factor to its own advantage in patches where it is present, and also changes this factor outside the patch, but in opposite direction. A type II switch in this system involves vascular plants increasing nutrient concentrations in patches where they are present through advective transport, but thereby decreasing nutrient concentrations further away from these patches (Fig. 3) . A symmetric switch (type III) means that a functional group changes an environmental factor to its own advantage in its patches, and another functional group simultaneously changes the same environmental factor in its patches, but in the opposite direction. Three type III switches can be distinguished; Sphagnum changes light availability, distance to the water table, and nutrient availability in a way that favors Plant Ecol (2009) 200:53-68 59 their own growth, while vascular plants do the same by modifying these environmental variables in the opposite directions (Fig. 3) . The concept of different types of vegetation switches is useful, because it enables separation of local and longer-range processes. The type I and type III switches only act within vegetation patches, and therefore agree with our definition of local. Hence, they cannot explain spatial regularity in vegetation patchiness (Wilson and Agnew 1992; Rietkerk et al. 2004a, b) . The type II switch results from a shortrange positive effect (inside the vegetation patch), and a longer-range (outside this patch) negative effect. Therefore, this type of switch can explain spatial regularity in vegetation patterns, which in turn may indicate proximity to catastrophic thresholds in ecosystems (Rietkerk et al. 2004b ).
A general model on bog dynamics
As an illustration, we will now include the discussed interactions between Sphagnum, vascular plants and the bog environment in an analytical bog model, disentangling the effect of the previously discussed local and longer-range processes on self-organized patchiness and stability of bog ecosystems. The simplifying assumption of considering functional vegetation groups enables the inclusion of Sphagnum and the effects of habitat modification in a simple and generic way in the model of Rietkerk et al. (2004a) .
In the following, we investigate how this extension affects model results (See Appendix for all analytical details).
Competition between Sphagnum and vascular plants in bogs occurs mainly through habitat modification (Fig. 2) . Modeling competition through modification of biotic or abiotic habitat components requires a different approach than the standard competition model (e.g., Eppinga et al. 2006 ). In the standard Lotka-Volterra approach, the relative loss rate (i.e., the damage that is exerted by 1 unit of biomass of the competitor) is modeled as a linearly increasing function of biomass (Fig.4a) . However, the analysis presented here suggests that vascular plants are negatively affected by modification of pH and temperature by Sphagnum (Fig. 2) ; therefore we assume that provided that Sphagnum is present, vascular plant biomass is lost through these effects (Fig. 4a) . Also, we model modification by both functional groups of water table, nutrients and light availability in a different way than Lotka-Volterra competition. For these factors, the damage that is exerted by the competitor is saturating, meaning that there is a decreasing relative competitive effect with increasing density of the functional group.
Simulations of the Rietkerk et al. (2004a) model (from here referred to as the original model) show that vascular plant biomass develops in a spatially regular structure (Rietkerk et al. 2004a ; Fig. 4b ). However, apart from spatial regularity, other conspicuous features of vegetation patterns in bogs are   I  e  p  y  T  I  I  I  ,  I  I  e  p  y  T  I  I  I  e  p  y  T  I  e  p  y  T  I  I  I  e  p (Fig. 1) . In the original model nutrient accumulation by vascular plants induces a type II switch, which drives the formation of a spatially regular pattern but does not drive the formation of sharply bounded patches of vascular plants (Rietkerk et al. 2004a ; Fig. 4b ).
If we now include competition between Sphagnum and vascular plants inducing a type III switch, we see that because of this switch, sharper transitions occur in the vegetation pattern, as observed in the field (Fig. 4b) . This result is in compliance with the assertion that a type III switch can sharpen vegetation boundaries and can create a stable vegetation mosaic (Wilson and Agnew 1992 ). If we subsequently introduce the type I switch exerted by Sphagnum in the model, the Sphagnum patches in the pattern expand (Fig. 4b) , which is in compliance with the findings of Wilson and Agnew (1992) . At a certain point in time, however, the expansion of Sphagnum patches in the model stops, meaning that at this moment the type II and type III switches outweigh the effect of the type I switch.
Apart from the self-organized vegetation patchiness becoming more pronounced, the parameter region in which hysteresis occurs increases (Fig. 5) . In most of this region, vascular plants could stably exist in the original model, but can now become excluded by Sphagnum because of the type I and type III switches. Note that the vegetation state of only Sphagnum is a stable equilibrium for the entire parameter region examined (Fig. 5b) . However, the negative slope of the separatrix shows that when nutrient input increases, the basin of attraction of this equilibrium becomes smaller (Fig. 5b) . This means that a smaller amount of vascular plant biomass is needed to invade the system. So, local habitat modification and scale-dependent feedback synergistically affect pattern formation and stability in the model system (Figs. 4, 5) . The model results show that when approaching the catastrophic bifurcation point, a distinct sequence of different self-organized vegetation patterns can be observed (Fig. 5) . On slopes (See Appendix for modeling details), the model generates string and flark patterns (Fig. 6) . Similar to the simulations on flat surfaces, vascular plants become more pronouncedly present with increasing nutrient input. First, the number of the vascular plant dominated strings increases, and the width of Sphagnum dominated flarks decreases. If nutrient input is further increased, the width of the strings increases (Fig. 6 ).
The impact of future climate change on bogs
The literature survey presented here suggests that the pivotal environmental variables in bogs are subject to modification by Sphagnum and vascular plants. These processes could have an important effect on the vegetation patchiness and stability of bogs. The analysis revealed that both local and spatial vegetation switches might be involved in the abrupt transitions in vegetation and surface structure of bog ecosystems. These transitions can be abrupt in space (vegetation patchiness) and time (catastrophic shifts). The model results suggest that because of incorporation of local habitat modification, vegetation boundaries become sharper and also the parameter region of bistability drastically increases, suggesting that local and longer-range interactions between the vegetation and the bog environment synergistically govern pattern formation and stability. It would be interesting to expand our current model to examine how expected increases in mean annual temperature and precipitation in the boreal zone (Houghton et al. 1995; Hadley Centre Coupled Model Version 3 (HadCM3) ) may alter the pivotal environmental variables in bogs. Both Sphagnum and vascular plants can amplify such external changes (Fig. 2) . For example, an increase in temperature lengthens the growing season and increases mineralization rates (Aerts et al. 1992; Gunnarsson et al. 2004) , which favors vascular plants (Backéus 1985) . The accompanying decrease in Sphagnum might be self-enforcing because the temperature switch becomes less effective; a smaller proportion of Sphagnum in the peat layer leads to warmer conditions in the rooting zone of vascular plants, which further lengthens the growing season of vascular plants. An accompanying amplifying effect could be that this increasing vascular plant density generates higher nutrient availability because of the nutrient switch. The latter switch could also amplify increased nutrient availability via atmospheric deposition (Gunnarsson et al. 2004) . Moreover, at high atmospheric deposition rates, Sphagnum is not capable of intercepting all nutrients (Lamers et al. 2000; Berendse et al. 2001; Malmer et al. 2003) , meaning that nutrients will leach into the rooting zone of vascular plants (Aerts et al. 1992 ). Our current model results suggest that a Sphagnum dominated bog becomes more susceptible for invasion by vascular plants with increasing nutrient input (Fig. 5b) . This result is in compliance with the notion that increased N-deposition could be one reason for the decrease in Sphagnum and rapid expansion of vascular plants that has been observed in many bogs in recent decades (Aaby 1994; Frankl and Schmeidl 2000; Gunnarsson et al. 2002; Malmer et al. 2003) .
On the other hand, increases in precipitation may lead to a higher water table, favoring the more pronounced hollow species of Sphagnum (Belyea and Malmer 2004 ), which in turn can stimulate further submergence through the water table switch. Very high water tables can lead to substantial dieback of higher vascular plants (Gunnarsson and Rydin 1998) . So, the response of bogs to future climatic changes is not straightforwardly determined, because it involves the study of the relative importance of different processes possibly inducing vegetation switches.
Another difficulty in such predictions is that the relative importance of different processes (Fig. 2) is probably site-specific. For example, in relatively nutrient-rich mires, Malmer et al. (2003) found that the competition between Sphagnum and vascular plants for light was more important than for nutrients, while we expect the opposite to be true for the oligotrophic patterned bogs in the Vasyugan area in Siberia.
Our model results include linear patterning on slopes (Fig. 6) , as is also found in models simulating local changes in hydrology (Swanson and Grigal 1988; Couwenberg 2005; Couwenberg and Joosten 2005) . These models have the advantage of predicting linear patterning in both bogs and fens. On the other hand, our model simulating local resource accumulation has the advantage of predicting patterning on both slopes and flatter parts of peatland bogs dominated by Sphagnum. Formulation of such multiple independent hypotheses about possible different mechanisms driving the spatial self-organization of bogs will benefit the interpretations of selforganized vegetation patterns in bogs (Belyea and Lancaster 2002) , which is necessary to identify whether these vegetation patterns can serve as indicators of proximity to catastrophic shifts or climate change. Studying the interactions that drive pattern formation in peatlands can contribute to a better understanding of the ecosystems functioning in general. The interactions between Sphagnum and vascular plants may induce vegetation switches that can drive such pattern formation. In general, these switches are expected to be important driving forces behind the rapid and nonlinear responses of peatland vegetation to climatic changes (Frankl and Schmeidl 2000; Ohlson et al. 2001; Belyea and Malmer 2004) . Hence, interactions between Sphagnum and vascular plants exert a strong influence on the carbon accumulation rate in peatlands (Malmer et al. 2003) , and therefore need to be taken into account in future predictions on the response of these systems to climatic changes. 
Appendix: Analytical details of the model
The competition effect of Sphagnum on vascular plants exhibiting a type I switch (Fig. 4a) ).
In similar vein, we derive the type III competition term affecting Sphagnum growth:
With j SB being the type III feedback coefficient for Sphagnum (g S Ág B À1 Áyr À1 ), and H S the half-saturation density (g S Ám À2 ), respectively.
For low atmospheric nutrient input rates, it is reasonable to assume that Sphagnum intercepts all nutrients from atmospheric deposition (Malmer et al. 2003) . Assuming a constant deposition rate, we describe Sphagnum development by logistic growth. The lateral expansion of Sphagnum is modeled as a diffusion term (Okubo 1989; cf. Rietkerk et al. 2002; Rietkerk et al. 2004a is a dimensionless soil water stress function that is defined as follows:
in which h 1 is the pressure head below which soil water stress occurs (m), h 2 is the rooting depth of vascular plants (m), and z is a reference height (m).
All parameter values follow Rietkerk et al. (2004a) .
To the newly introduced parameters, we assigned the following values: r s = 0.2, S max = 800, D S = 0.2, j BS = 0.5, c BS = 0.1, j SB = 0.1, H B = 800, H S = 300 (Van Breemen 1995; Ohlson et al. 2001 ). The value of N in is varied for the simulations presented in the figures, values are given in the captions. In model runs simulating vegetation dynamics on a bog slope, water flow was set in one direction (cf. Rietkerk et al. 2004a ).
